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We present a measurement of the cross section of the process e+e-  ^  n + n - ^(2£) from threshold 
up to 8 GeV center-of-mass energy using events containing initial-state radiation, produced at the 
PEP-II e+e-  storage rings. The study is based on 298 fb-1 of data recorded with the BABAR 
detector. A structure is observed in the cross-section not far above threshold, near 4.32 GeV. We 
also investigate the compatibility of this structure with the Y (4260) previously reported by this 
experiment.
PACS num bers: 14.40.Gx, 13.25.Gv, 13.66.Bc
U ntil recently, charm onium  spectroscopy has been well 
described by poten tia l models. O bservations of the 
X (3872) [1] and the Y (4260) [2] decaying into n + n -  J/-0 
com plicate th is picture, and have stim ulated  b o th  ex­
perim ental and theoretical in terest in th is area. The 
Y (4260) can be produced by direct e+ e-  annihilation 
and is therefore known to  have J PC =  1 . W eak 
evidence for the  Y (4260) struc tu re  in B  decays was 
also reported  by BABAR [3]. In addition, the  Y (4260) 
has been confirmed by the CLEO-c experim ent in di­
rect e+e-  ^  Y (4260) interactions where the Y (4260) 
is detected  in decays to  n + n -  J /^  and n ° n oJ/-0 [4]; the 
observation of the la tte r mode and the m easured ra tio  
B (Y (4260) ^  n ° n J  ) /B (Y (4260) ^  n + n -  J / ^ ) «  0.5 
implies th a t the Y (4260) has isospin zero, as expected 
for a charm onium  state.
It is peculiar th a t the Y(4260) is wide and yet has 
a large branching fraction into the hidden charm  mode 
n + n -  J/-0 , and th a t a t the Y (4260) m ass the cross section 
for e+ e-  ^  hadrons exhibits a local m inimum. M any 
theoretical in terp retations for the  Y(4260) have been 
proposed, including unconventional scenarios: quark­
an tiquark  gluon hybrids [5] and hadronic molecules [6]. 
We undertook th is s tudy  w ith the in ten t of clarifying the 
na tu re  of the Y (4260).
In this L etter we study  the process e+e-  ^  
n + n - ^ (2 S ), ^ (2 S ) ^  n + n - J / ^ , for e+ e-  center-of- 
m ass (CM) energies from threshold up to  8 GeV using 
in itia l-sta te  rad iation  (ISR) events. The ISR cross sec­
tion  for a particu lar hadronic final s ta te  f  is given by
d(Jf<d^ X') = W { s , x )  -c r/(s ( l - x ) ) ,  (1)
where s is the  square of the e+e-  CM energy, x  = 
2E 7/ ^  is the ra tio  of the photon energy to  the  beam  
energy in the  e+ e-  CM frame, and W (s ,x )  is the spec­
tru m  for ISR photon emission for which we use a calcu­
lation good to  0 ( a 2); the  effective CM energy a/ s ' is the  
invariant m ass of the  final s ta te  m  =  — x).
We use d a ta  recorded w ith the BABAR detector [7] at 
the  P E P -II asym m etric-energy e+ e-  storage rings, lo­
cated  a t the S tanford Linear Accelerator Center. These 
d a ta  represent an in tegrated  lum inosity of 272 fb-1 
recorded a t y /s =  10.58 GeV, near the  T( 4S)  resonance, 
and 26 fb-1  recorded near 10.54 GeV.
Charged-particle m om enta are m easured in a tracking
system  consisting of a five-layer double-sided silicon ver­
tex tracker (SVT) and a 40-layer central drift cham ber 
(DCH), b o th  s itua ted  in a 1.5-T axial m agnetic field. 
An internally  reflecting ring-im aging Cherenkov detec­
to r (DIRC) provides charged-particle identification. A 
CsI(Tl) electrom agnetic calorim eter (EM C) is used to  
detect and identify photons and electrons, while muons 
are identified in the  instrum ented m agnetic-flux re tu rn  
system  (IFR).
O ptim ized selection criteria  are chosen based on a sim­
ulated  sample of e+ e-  ^  YiSRn + n - ^ (2 S ) events and a 
sample of e+ e-  ^  y isr^ (2 S ), ^ (2 S ) ^  n + n - J/-0 candi­
dates in da ta , which serves as a clean control sam ple [8].
A candidate J /^  meson is reconstructed  via its decay 
to  e+ e-  or ^+  ^ - . The lepton tracks m ust be well re­
constructed, and a t least one m ust be identified as an 
electron or a m uon candidate. An algorithm  to  recover 
energy lost to  brem sstrahlung is applied to  electron can­
didates. An e+ e-  pair w ith its invariant m ass w ithin the 
interval of (-100,+40) MeV/c2 of the nom inal J /^  mass is 
taken as a J /^  candidate. For a ^ + ^ -  pair, the interval is 
(-60,+40) MeV/c2. The J /^  candidate is then  kinem ati­
cally constrained to  the nom inal J/-0 m ass and combined 
w ith a pair of oppositely-charged tracks identified as pion 
candidates. The n + n - J / ^  com binations w ith invariant 
mass w ithin 10 MeV/c2 of the nom inal ^ (2 S ) mass are 
taken as ^ (2 S ) candidates. A nother pair of oppositely- 
charged pion candidates (prim ary pions) is then  com­
bined w ith the ^ (2 S ) candidate. The n + n - ^ (2 S ) mass- 
resolution function is well described by a Cauchy d istri­
bu tion  [9] w ith a FW H M  of about 7 MeV/c2. We do 
not require observation of the ISR photon (y i s r ) as it is 
preferentially produced along the beam  directions.
We select e+ e-  ^  YISRn + n - ^(2 S ) events w ith the fol­
lowing criteria: (1) there m ust be no additional well- 
reconstructed  charged tracks in the event; (2) there m ust 
be no w ell-reconstructed n° or n ^  YY in the event; (3) 
the transverse com ponent of the visible m om entum  in the 
e+ e-  CM frame, including th a t of the  YISR when it is re­
constructed, m ust be less th an  2 GeV/c; (4) the difference 
(Ap*) between the m easured n+ n - ^ (2 S ) m om entum  
and the value expected for it in an ISR n + n - ^ (2 S ) event, 
th a t is, (s — to2) / ( 2 a/ s ), where to is the Tr+Tr~ip(2S) in­
variant mass, m ust be w ithin [—0.10, +0.06] GeV/c; (5) 
cos 0i, where 01 is the  angle between the lepton 1+ mo­
m entum  in the J / ^  rest frame and the J / ^  m om entum
in the e+ e-  CM frame, m ust satisfy | cos 0i| <  0.90; and 
(6) the invariant mass of the n + n -  pair in 0 (2 S ) decay 
m ust be greater th an  0.4 GeV/c2 in order to  suppress the 
com binatorial n + n - J /0  background.
A clean 0 (2 S ) signal is apparen t in Fig. 1. An ex­
am ination of the  n + n - 0 (2 S ) com binations reveals th a t 
about half the background results from recom binations 
w ithin the same 2 (n + n - ) J /0  system  where a t least 
one of the  prim ary  pions is combined w ith the J /0  
to  form a n + n - J /0  candidate. After sub tracting  the 
self-com binatorial background, we estim ate 3.8±1.1 non- 
0 (2S ) background events in the final sample of 78 events 
w ithin the 0 (2 S ) m ass window.
FIG. 1: The invariant mass distribution for all n + n - J/0  
candidates where more than one entry per event is allowed. 
The solid curve is a fit to the distribution in which the ^(2S) 
signal is described by a Cauchy function and the background 
by a quadratic function (represented by the dashed curve). 
The arrows indicate the ^(2S) mass window.
In Fig. 2 the distributions of (a) Ap* and (b) cos 0* for 
2 (n + n - ) J /0  candidates, where 0* is the  angle between 
the positron beam  and the (n + n - n + n - J / 0 ) m om entum  
in the e+ e-  CM frame, are shown and com pared to  ex­
pectations from sim ulations. There are 16 events th a t 
have a well reconstructed  gam m a w ith energy greater 
th an  3 GeV, while the  M onte Carlo sim ulation predicts
16.4 for the  same to ta l num ber of ISR n + n - 0 (2 S ) can­
didates. Furtherm ore, all events w ithin |cos 0* | <  0.9 
are accom panied by a reconstructed  gam m a w ith energy 
greater th a n  3.0 GeV. We find excellent agreem ent in the 
ISR characteristics between the d a ta  and  signal M onte 
Carlo sample. The good agreem ent in the  A p* d istri­
bu tion  rules out any significant feeddown from higher 
m ass charm onia decaying to  the 0 (2 S ) w ith one or more 
undetected  particles. As an example, the  A p* d istri­
bu tion  for -0(4415) ^  n + n - n °0 (2 S ) events would peak 
around —0.2 GeV/c w ith a long tail extending to  well be­
low —0.2 GeV/c. We estim ate the  non-ISR n + n - 0 (2S ) 
background to  be less th an  1 event.
The track  quality, particle identification inform ation, 
and kinem atic variables of all pion candidates are exam ­
ined, and displays of the events are scanned visually to  
check for possible track  duplications and other potential 
problem s. No evidence for im proper reconstruction or
Ap* (GeV/c) cos0*
FIG. 2: The distributions of (a) Ap* and (b) cos d* of the 
2(n+n- )J /0  combination in the e+e-  CM frame are shown 
for data (solid dots) and Monte Carlo simulation of the signal 
(histogram) normalized to the total number of the observed 
data events.
event quality  problem s is found.
The 2 (n + n - ) J /0  invariant-m ass spectrum  up to
5.7 GeV/c2 for the final sample is represented as d a ta  
points in Fig. 3 . A structu re  around 4.32 GeV/c2 is ob­
served in the m ass spectrum .
To clarify the peaking structu re  observed in Fig. 3, we 
perform  an unbinned m axim um  likelihood fit to  the mass 
spectrum  up to  5.7 GeV/c2 in term s of a single resonance 
w ith the following probability  density function (PD F):
P(m)  = N a  ■ e ( m )  • ( i V ( s , x) ■ 2 m / s ]  ■ —
V /  m 2
M 2 • r ee • r f  • ( $ ( m ) /$ ( M )) (2)
(M 2 -  m 2)2
, r R
(M  r to t)2
+  B (m )
where M , r tot, ee, r f  ,N  are the  nom inal mass, to ­
ta l w idth, p artia l w idth  to  e+ e- , p artia l w idth to  
n + n - 0 (2 S ), and yield for a resonance, respectively, and 
m  is the  2 (n + n - ) J /0  invariant mass, e(m ) is the  mass- 
dependent efficiency, $ (m ) is the m ass-dependent phase­
space factor for a S -wave three-body n + n - 0 (2 S ) sys­
tem , a is a norm alization factor, and B (m ) is the PD F 
(the shaded histogram  in Fig. 3) for the n o n -0 (2 S ) back­
ground. The shape of B  was ob tained from 0 (2 S ) side­
band  events w ith its integral fixed to  3.1 events corre­
sponding to  the mass region in the fit, where the to ta l 
num ber of events is 68. The mass dependence of r tot is 
ignored in the  fit.
We perform  fits to  the  d istribu tion  in Fig. 3 to  test 
hypotheses th a t the d a ta  are a result of the  decay of 
the Y (4260) (dashed curve) using resonance param eters 
fixed to  those of Ref [2], and alternatively  those of the 
0(4415) (not shown) w ith the m ass and w idth taken from 
Ref [10]. In the  th ird  fit (solid curve) we assume a sin­
gle resonance whose mass and w idth are free param e­
ters, which are then  found to  be (4324 ±  24) MeV/c2 and 
(172 ±  33) MeV (after unfolding m ass-resolution) by the 
fit. We calculate the x 2/d o f  value for each fit to  test these 
hypotheses. In the calculation the events in Fig. 3 are re­
grouped so th a t a t least seven events are expected in each
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for the final sample. The shaded histogram rep-
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resents the fixed background and the curves represent the fits 
to the data (see text).
ram eters obtained in the above paragraph.
m(n+n) (GeV/c2)
FIG. 4: The primary n + n -  invariant-mass spectrum within 
region m (2(n+n- ) J /0 ) < 5.7 GeV/c2 for the final sample. 
Only one entry per event is included in the plot, as described 
in the text. The histogram shows the distribution for Monte 
Carlo events (see text).
bin. The x 2/d o f  values are found to  be 21.3/8, 54.4/7, 
and 7 .3 /7  for hypotheses of the  Y (4260), the 0(4415), 
and a new resonance, respectively, corresponding to  x 2- 
probabilities of 6.5 x 10- 3 , 2.0 x 10- 9 , and 29%. The 
low probabilities associated w ith the Y(4260) and the 
0(4415) indicate th a t the s truc tu re  is not consistent w ith 
the 0(4415), and is not well described by the Y(4260) ei­
ther. We also perform  a fit including bo th  the Y(4260) 
and 0(4415) plus their interference, and find the x 2/d o f 
value to  be 17.8/6, corresponding to  a x 2-probability  of
6.7 x 10- 3 , bu t no much im provem ent from the fit to  the 
Y(4260) only. In order to  further com pare the structu re  
reported  here w ith the Y (4260) reported  in Ref. [2], we 
perform  sim ultaneous fits to  bo th  the n + n - 0 (2 S ) mass 
spectrum  in Fig. 3 and the n + n -  J /0  mass d istribu tion  in 
[2] under the  hypotheses th a t (1) bo th  signals are a single 
resonance and (2) these signals are m anifestations of two 
independent resonances, w ith a single resonance for each 
signal. The P D F as used in Ref. [2] is applied to  the fit to  
the  n + n - J /0  mass distribution . The logarithm ic likeli­
hood obtained from the single-resonance hypothesis (1) is
5.4 un its less th an  th a t obtained from the two-resonance 
hypothesis (2), which corresponds to  a x 2-probability  of
4.5 x 10-3  for the single-resonance hypothesis assum ing a 
x 2 distribu tion  for the  difference in the logarithm ic likeli­
hood between the two hypotheses. However, none of the 
probabilities associated w ith the Y(4260) can exclude the 
possibility th a t the  s truc tu re  observed is a m anifestation 
of a new decay mode for the Y (4260).
The prim ary  n + n -  invariant mass d istribu tion  for the 
selected events w ithin m (2 (n+ n  ) J / 0 ) <  5.7 GeV/c2 is 
shown in Fig. 4 . For the  two events having more th an  
one 0 (2S ) candidates, the dipion invariant m ass is only 
included for the  0 (2S ) candidate closest to  its nom inal 
mass. The M onte Carlo d istribu tion  is also shown in 
Fig. 4 for a single resonance decaying to  n + n - 0 (2 S ) in a 
S-wave three-body phase-space using the resonance pa-
We ex trac t the  energy-dependent cross section for
■> n + n - 0 (2 S ) up to  8 GeV for the  final sample. 
The average cross section over a m ass range of w idth A m  
is calculated as
/•m+Am/2
<r(m) =  a (x ) dx /  A m
«/ m' —Am/2 
1 EL  • B  • A m  V 2m j/s • W (s, 1 — m 2/s )  • £ j/  ’
(3)
where L  is the  in tegrated  luminosity, B  is the  product 
of B (0 (2 S ) ^  n + n - J / 0 ) and B (J /0  ^  l + l - ), the 
sum  is over all events w ithin the mass range, m* is the 
2 (n + n - ) J /0  invariant mass, and £j is the estim ated  effi­
ciency a t th a t  mass. The m easured cross section is shown 
in Fig. 5 and the num erical results can be found in [11], 
where the background has been sub trac ted  from bins 
w ith non-zero content. The energy-dependent selection 
efficiency (solid h istogram  in Fig. 5) is determ ined from 
M onte Carlo events for which the 0 (2 S ) polarization 
has been properly considered while the  prim ary  n + n -  
is generated in S-wave phase-space. The uncerta in ty  in 
the selection efficiency due to  model dependence is es­
tim ated  from the efficiency difference between S-wave 
phase-space model and m ultipole model [12] in the pri­
m ary  n + n -  generation. The m ain system atic uncertain­
ties are listed in Table I, and are added in quadrature , 
resulting in a to ta l system atic uncertain ty  of 12.3%.
In sum m ary, we have used ISR events to  study  the ex­
clusive process e+ e-  ^  n + n - 0 (2S ) and to  m easure its 
energy-dependent cross section from threshold  to  8 GeV 
CM energy. A s tructu re  is observed a t ~  4.32 GeV/c2 in 
the n + n - 0 (2 S ) invariant m ass spectrum  th a t is not con­
sistent w ith the decay 0(4415) ^  n+  n - 0 (2 S ). A fit to  
the mass spectrum  w ith a single resonance yields a mass 
of (4324 ±  24) MeV/c2 and a w idth of (172 ±  33) MeV,
1
7FIG. 5: The measured CM energy dependence of the cross 
section (points with error bars) for e+e ^  n+n ^ (2 S ) af­
ter background subtraction. The solid histogram shows the 
energy-dependent selection efficiency.
TABLE I: Summary of main systematic uncertainties for the 
e+e-  ^  n + n - ^(2S) cross section measurements.
Source Systematic error
Model-dependent acceptance ±9.0%
Tracking efficiency ±7.6%
B(4 ’(2S)  7T+7T- J /0 )  • B(J/4’ -► C + r ) ±3.5%,
Total ±12.3%,
where the errors are sta tistica l only. The s tructu re  in
Fig. 3 has a m ass th a t  differs som ew hat from th a t re­
ported  for the Y (4260) in Ref. [2]. However, the possi­
bility  th a t it represents evidence for a new decay mode 
for the Y (4260) cannot be ruled out a t th is time.
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